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Distinct Origins of Adult and Embryonic Blood
in Xenopus
day 7.5, proximal to the developing aorta (Godin et
al., 1995; Cumano et al., 1996). By analogy with chick
embryos, these cells were thought to derive from
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the splanchnopleural mesoderm and therefore becameUniversity of Nottingham
known as the para-aortic splanchnopleur (P-Sp). TheQueen’s Medical Centre
appearance of these cells preceded the onset of bloodNottingham NG7 2UH
circulation in the embryo, suggesting that they arose inUnited Kingdom
situ. The idea that blood cells arose independently of
the yolk sac received further support from the discovery
that the first long term reconstituting (LTR) HSCs, an
Summary activity associated only with the adult blood lineage, are
detected in the embryo proper at day 10 and not in the
yolk sac until later (Medvinsky et al., 1993; Muller et al.,Whether embryonic and adult blood derive from a sin-
1994; Medvinsky and Dzierzak, 1996; Sanchez et al.,gle (yolk sac) or dual (yolk sac plus intraembryonic)
1996). This activity was detected in the region of theorigin is controversial. Here, we show, in Xenopus,
aorta, gonads, and mesonephros, which therefore be-that the yolk sac (VBI) and intraembryonic (DLP) blood
came known as the AGM. The current view is that thecompartments derive from distinct blastomeres in the
AGM derives from the P-Sp. These studies supported32-cell embryo. The first adult hematopoietic stem
the view that the yolk sac was the source only of embry-cells (HSCs) are thought to form in association with
onic blood and that adult blood arises independently inthe floor of the dorsal aorta, and we have detected
the embryo proper in association with the aorta.such aortic clusters in Xenopus using hematopoietic This work in the mouse showed that earlier findings
markers. Lineage tracing shows that the aortic clus- in the avian and amphibian systems were indeed rele-
ters derive from the blastomere that gives rise to the vant to mammalian development. It had been known for
DLP. These observations indicate that the first adult several years that blood formation in the developing
HSCs arise independently of the embryonic lineage. chick still occurred in the absence of the yolk sac (Die-
terlen-Lievre and Martin, 1981 and references quoted
therein). It now seems that the difference between theIntroduction
mammalian and avian models might have been merely
the ability of the embryo to grow normally away fromThe origins of blood in vertebrate embryos are still in
its extraembryonic support. Furthermore, transplanta-doubt despite the efforts of many laboratories around
tion of embryonic tissue in the developing amphibianthe world. In particular, the origin of the all-important
embryo had shown that there were indeed two sourcesadult hematopoietic stem cell (HSC) is still far from clear
of blood: one, the analog of the yolk sac called the(Medvinsky and Dzierzak, 1999). A knowledge of the
ventral blood island (VBI), giving rise to the embryonicorigins and migration pathways of these cells during
blood; and the other, the equivalent of the P-Sp/AGMdevelopment is essential if we are to define the molecu-
called the dorsolateral plate (DLP) mesoderm, givinglar basis of their programming. In particular, the embry-
rise only to adult blood (Turpen and Knudson, 1982; Kauonic signals involved in this programming will become
and Turpen, 1983; Flajnik et al., 1984; Maeno et al.,accessible.
1985a, 1985b; Bechtold et al., 1992). Subsequent workIn mouse and human embryos, the first blood cells
in the chick has observed hematopoietic cells devel-arise in the yolk sac, an extraembryonic structure that
oping in association with the floor of the aorta (Cormierdevelops before, and supports, the development of the
et al., 1986; Cormier and Dieterlen-Lievre, 1988), andembryo proper. These blood cells have a phenotype
similar observations have since been made in devel-distinct from the blood cells found in the adult organism.
oping mouse and human embryos (Tavian et al., 1996;The red cells remain nucleated and express embryo-spe-
Wood et al., 1997; Manaia et al., 2000). Furthermore,cific globin chains. Furthermore, the eight or nine hema-
these cells have been shown to have the potential andtopoietic cell types observed in the adult are not de-
activities characteristic of adult blood (Cormier et al.,
tected in early embryos in the blood emerging from the 1986; Cormier and Dieterlen-Lievre, 1988; Tavian et al.,
yolk sac. In particular, lymphocytes are not formed until 1999).
later in development (Dzierzak et al., 1998; Domen and Although this model is consistent with much of the
Weissman, 1999). data to date, some observations are still more consistent
Studies in the mouse in the 1960s and 1970s indicated with a modified yolk sac model. First, multipotentiality
that blood formation in later embryos depended on con- and self-renewal activities can be obtained from yolk sac
tinued contact between the embryo proper and the yolk blood precursors before LTR-HSC activity is detected in
sac, suggesting that the yolk sac was the source of all the AGM if the cells are injected into neonates rather
blood (Metcalf and Moore, 1971). This idea was chal- than adult mice, the test for LTR-HSC (Yoder et al.,
lenged in the 1990s by the first detection of lymphopoi- 1997). This suggests that the only absent activity in the
etic activity in the embryo proper as early as embryonic earlier yolk sac cells is some sort of homing activity for
adult bone marrow, the site of hematopoiesis in the
adult mouse. Neonates are in the process of switching† To whom correspondence should be addressed (e-mail: roger.
from the fetal liver to the bone marrow and the cellspatient@nottingham.ac.uk).
* These authors contributed equally to this work. may receive important signals in the liver. Second, both
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Figure 1. Ventral (A) and Dorsal (B) Marginal
Zone Contributions to Primitive and Definitive
Blood Compartments
(A) Time course from stage 17 to stage 35
showing b-gal localization in VMZ injected
embryos. Numbers at the top right corner in-
dicate stage of development. 17a, dorsal
view. 17b, 22b, and 26a, ventral views. 22a,
28, and 35, lateral views. Anterior is to the
left in all cases. Black arrows indicate the
position of the DLP.
(B) Time course from stage 17 to stage 35
showing b-gal localization in DMZ injected
embryos. Numbers at the top right corner in-
dicate stage of development. 26a shows a
benzyl benzoate/benzyl alcohol cleared em-
bryo. Notice total absence of b-gal staining in
the DLP region (black arrow). 26c, transverse
section at the level of the anterior VBI of em-
bryo in 26b. 26d, transverse section of a stage
26 embryo showing GATA-2 expression in the
region of the anterior VBI. 17a, dorsal view.
17b, 22b, and 26b, top embryo, ventral views.
22a, 26a, 26b bottom embryo, and 35, lateral
views. Ventral is to the bottom in all cases.
In whole mounts anterior is to the left. Black
arrow indicates the position of the DLP. Red
arrows indicate b-gal localization in the ante-
rior VBI.
embryonic and adult blood characteristics can be ob- Results
tained from blood precursors derived from the yolk sac
(Kennedy et al., 1997). Thus, the idea that adult blood The Posterior VBI and the DLP Derive
cells originate from the yolk sac and migrate to various from the Ventral Marginal Zone
of the Blastula Stage Embryo,compartments of the developing embryo to receive in-
whereas the Anterior VBIstruction and eventually differentiate is still very much
Derives from the Dorsalalive. Transplantation analysis in the Xenopus embryo
Marginal Zonehas also been interpreted to support this model, where
The mesoderm forms at the interface between futurea common origin for the embryonic blood compartment,
endoderm and future ectoderm in Xenopus embryos.the VBI, and the adult compartment, the DLP, has been
This region is called the marginal zone in the blastulaimplied (Turpen et al., 1997).
embryo. Early fate mapping experiments showed thatWe therefore decided to reinvestigate the whole
lateral plate mesoderm, which includes the VBI thatquestion in Xenopus embryos using lineage labeling in
gives rise to embryonic blood, was predominantly de-conjunction with hematopoietic molecular markers to
rived from one side of the marginal zone opposite toidentify the blood precursors. We show that the hemato-
the precursors of muscle and notochord. This region ofpoietic cells of the DLP and the VBI clearly derive from
the marginal zone was therefore designated ventraldistinct regions of the developing embryo, in support of
with the opposite side being dorsal (Dale and Slack, 1987;the dual origins model. The apparent common origin Moody, 1987). More recent lineage tracing and gene
in earlier Xenopus experiments was a consequence of expression studies, however, have indicated a signifi-
transplanting spatially distinct precursors for the VBI cant additional contribution to the VBI from the dorsal
and the DLP contained within the same piece of tissue marginal zone (Tracey et al., 1998; Lane and Smith,
(Turpen et al., 1997). We further show that cells in the 1999). To confirm this and explore the origin of the DLP,
DLP region migrate to the midline to form the dorsal we injected lineage tracing b-gal mRNA into the ventral
aorta and the now characteristic hematopoietic clusters and dorsal marginal zones at the 4-cell stage and grew
associated with the ventral floor of the dorsal aorta, the embryos to the onset of circulation (stage 35). The
which are thought to represent the beginnings of the location of b-gal staining was monitored from neurula
adult lineage. These cells have derived from a single stages (stage 17) (Figure 1). In situ hybridization with a
blastomere of the 32-cell embryo which is distinct from GATA-2 probe shows the locations of the VBI and DLP
the blastomeres giving rise to the embryonic lineage in blood compartments at stage 26 for comparison (Figure
1A) (Bertwistle et al., 1996).the VBI.
Origins of Blood in Xenopus
789
Cells from the VMZ remain posterior throughout the VMZ contribution to the pVBI, D4 was labeled (Figures
2D–2G). b-gal staining showed that mesoderm anteriorneurula and tail bud stages of development (Figure 1A).
Indeed, as suggested by Lane and Smith (1999), this to the proctodeum became labeled (Figure 2E, red
arrow) in 84% of the embryos studied (Table 1) and thatregion of the marginal zone could more appropriately be
called the posterior marginal zone because a significant the labeled region included lateral mesoderm of the pVBI
(Figures 2F and 2G) but not the DLP (Figure 2F, blacknumber of dorsal posterior cells are also labeled. Ven-
trally, labeling extends only to the midpoint of the em- arrows). The extent of the staining indicates that blasto-
mere D4 gives rise to essentially the entire pVBI.bryo and does not encompass the anterior VBI (compare
26a with 26). In contrast, DMZ injections labeled the When the most dorsal marginal zone blastomere, C1,
was lineage labeled, staining was restricted to the ante-anterior of the embryo and in particular the half of the
embryo, ventrally, not labeled by VMZ injections (Figure rior of the embryo, predominantly ventrally (Figure 2H),
including the aVBI (red arrow) in 62% of embryos studied1B, red arrows). Transverse sections confirmed that the
cells in the VBI labeled from DMZ injections are express- (Table 1). No staining was detected in either the pVBI
or the DLP (Figure 2H and Table 1). To determine if D1ing GATA-2 (Figure 1B, 26c and 26d). We therefore con-
clude that the VBI consists of two populations of cells also contributes to the aVBI, this blastomere was lineage
labeled (Figure 2I and Table 1). Ninety-one percent ofderived from opposite ends of the marginal zone: the
anterior (aVBI) cells derive from the DMZ and the poste- embryos were labeled in the aVBI (red arrow). In over
half the embryos, a few cells were also detected in therior cell mass (pVBI) is descended from the VMZ. These
conclusions are consistent with the observations of oth- anterior end of the pVBI (Table 1). However, no cells
were found in the DLP. These results were confirmeders (Tracey et al., 1998; Lane and Smith, 1999).
The adult (DLP) blood compartment was labeled in on sections (data not shown). We conclude that the aVBI
is populated by cells derived from the two blastomeres25 out of 29 VMZ injections (Figure 1A, arrows in 28 and
35). In contrast, the DLP was labeled in 0 of 24 DMZ central to the DMZ, namely C1 and D1, and that, consis-
tent with the DMZ injection results, neither of these blas-injections. Thus, both the pVBI and the DLP derive from
the VMZ. Transplantation studies have also shown that tomeres contribute to the DLP.
From the injections into the two blastomeres centralthe VMZ gives rise to the DLP (Turpen et al., 1997). Thus,
at this level of resolution, the DLP and the posterior VBI to the VMZ, namely C4 and D4, we have observed contri-
butions to the DLP in only 3/25 or 0/19 embryos, respec-appear to share a common origin.
tively (Table 1). In order to locate the main source of
DLP mesoderm, we therefore labeled the more lateralThe VBI and DLP Derive from Distinct Regions
blastomeres, C3 and D3 (Figure 2 and Table 1). Whenof the 32-Cell Embryo
D3 was injected, the predominantly labeled tissue wasIn order to determine if the pVBI and the DLP can be
the lateral endoderm (Figures 2J–2M) and not the DLPdistinguished at higher resolution, we lineage labeled
(red arrows) or the VBI (black arrows). However, whensingle blastomeres at the 32-cell stage of development,
C3 was labeled (Figures 2N–2S), the DLP (red arrows)choosing to focus on those blastomeres which would
was heavily populated with labeled cells. Costaining forhave been injected in the VMZ or DMZ injections at the
SCL (Figures 2O–2Q) and XFli-1 (Figures 2R and 2S)4-cell stage (Figure 1). Embryos were examined at stage
expression shows quite clearly that a subset of the lin-26 by staining for the b-gal lineage label and for blood
eage labeled cells in the DLP region express both bloodmarkers, both on whole-mounted and sectioned em-
and endothelial markers. Neither the VBI (black arrows)bryos (Figure 2 and Table 1). Labeled embryos were
nor the vitelline veins (arrowhead) were labeled. Wealso scored for contributions to other tissues and com-
therefore conclude that the primary origin of the bloodpared to existing fate maps (Dale and Slack, 1987;
precursors in the DLP is blastomere C3, a blastomereMoody, 1987) as a check on the accuracy of targeting
that does not contribute to the VBI (Table 1).of the injections. The numbering system used for the
A summary of the blastomeres that contribute to the32-cell embryo was as described (Nakamura and Kishi-
primitive and definitive blood regions of the stage 26yama, 1971). Briefly, the embryo is oriented with the
embryo is shown in Figure 2 (blue blastomeres in insert).animal pole up and the vegetal pole down, and with the
C1, D1, and D4 are the major contributors to the primitivefuture VMZ to the left and the future DMZ to the right.
lineage in the VBI, while C3 defines the definitive lineageBlastomeres are then designated with a letter A–D for
of the DLP. No single blastomere contributes to bothtiers from top to bottom, and with a number 1–4 for
compartments. Thus, these two blood compartmentscolumns from right to left. Thus, in the marginal zone,
undergo separate development from at least the 32-cellthe most dorsal blastomere is C1 and the most ventral
stage of development.is C4.
When C4 was injected, the majority of the embryos
revealed b-gal staining clearly restricted to the posterior Hematopoietic Gene Expression Is Lost
as the Major Vessels Are Formedpart of the embryo, both dorsally and ventrally (Figure
2A). Ventrally, the staining resided posterior to the proc- Having established an independent origin for the defini-
tive blood cell lineage in the DLP, we were interestedtodeum (marked with an arrowhead throughout). The
few cells anterior to the proctodeum in the typical em- to follow the subsequent fate of these cells. Studies in
the chick, mouse, and human embryos have indicatedbryo shown were found, by sectioning, to be ectodermal
(data not shown). Staining for globin expression (Figures the presence of hematopoietic cells in the floor of the
dorsal aorta and the underlying mesenchyme (Cormier2B and 2C, red arrows) confirmed that C4-derived cells
were not significant contributors to the VBI. In only 2/25 and Dieterlen-Lievre, 1988; Godin et al., 1993; Manaia
et al., 2000). Using gene expression to identify cells withembryos was a C4 contribution to the pVBI detected
and this was in very few cells (Table 1). VMZ injections blood and endothelial potential, we first explored the
period between stage 26 and stage 34, when the cardinalare usually targeted below the equator of the 4-cell em-
bryo; therefore, in order to locate the remainder of the veins and the dorsal aorta are forming.
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Figure 2. Blastomeres Contributing to Primitive and Definitive Blood Compartments in the Xenopus Embryo
Individual blastomeres of the 32-cell stage embryo were injected with b-gal mRNA, embryos collected at stage 26 of development, and b-gal
localization detected followed by in situ hybridization where appropriate. Nomenclature of blastomeres is according to Nakamura and Kishiyama
(1971).
(A) Typical C4 b-gal injected embryo.
(B) Sagittal section of embryo in (A) after whole mount in situ hybridization for aT4 globin. Globin expression, red arrow; black arrowhead,
proctodeum. S, somites.
(C) Close-up of section in (B) showing that C4 does not contribute to the posterior VBI.
(D) Typical D4 b-gal injected embryo. “F” and “G” indicate the A/P position of the sections depicted in (F) and (G), respectively.
(E) Photoshop montage of a 10 mm sagittal section of a D4 b-gal embryo showing D4 contribution to the posterior VBI (red arrow). Black
arrowhead, proctodeum.
(F) Ten micrometer transverse section at the level of the posterior VBI of a D4 b-gal embryo showing that D4 contributes to the posterior VBI,
the posterior-lateral mesodermal layer, and to posterior endoderm, but does not contribute to the DLP (black arrows). n, notochord.
(G) Close-up of an 80 mm vibratome section of another D4 embryo at a similar A/P position to (F), showing D4 contribution to the posterior
VBI mesoderm and to a few ventral endodermal cells. This section shows bilateral staining for b-gal as a result of leakage of RNA in to the
sister D4 blastomere, a phenomenon which occurred more frequently with vegetal blastomeres compared with others.
(H) Typical C1 b-gal injected embryo. The red arrow indicates b-gal cells located in the anterior VBI. Black arrowhead, proctodeum. Note that
C1 does not contribute to the DLP.
(I) Typical D1 injected embryo showing b-gal activity in the VBI (red arrow) and in lateral endoderm, but no contribution to the DLP. Black
arrowhead, proctodeum.
(J) Typical D3 b-gal injected embryo.
(K) D3 injected embryo after in situ hybridization with an SCL probe. Red arrow, SCL expression in the DLP; black arrow, SCL staining in the
VBI. “L” and “M” indicate level at which sections represented in (L) and (M) were taken.
Origins of Blood in Xenopus
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Table 1. Blastomere Derivation of Regions of the Stage 26 Embryo
Hematopoietic tissues Other tissues
Trunk
Blastomere aVBI pVBI DLP PN ED S pLMD Head BA TB n
C4 0 (8*) 12 16 4 52 N/S 8 12 88 25
D4 0 84 0 0 84 37 89 0 0 5 19
C1 62 0 0 0 N/S 46 N/S 31 89 0 13
D1 91 (55**) 0 0 95 27 0 18 50 0 11
C3 0 0 75 67 N/S 33 33 8 17 33 12
D3 0 0 17 17 100 17 0 0 0 0 6
b-gal mRNA was injected into individual blastomeres of the 32-cell stage embryo. Embryos were collected at stage 26 and data recorded
after b-gal staining. Data expressed as percentage of embryos showing a b-gal signal in the regions indicated at top of table. Numbers in
brackets indicate weak signal (usually in ectoderm) in no more than five cells. aVBI, anterior ventral blood islands; pVBI, posterior ventral
blood islands; DLP, dorsal lateral plate; PN, pronephros; Trunk ED, trunk endoderm; S, somites; pLMD, posterior lateral mesoderm; BA,
branchial arches; TB, tail bud; n, number of embryos analyzed. Blastomere nomenclature according to Nakamura and Kishiyama (1971). N/S,
not all embryos scored. *Present only in a very few cells in most posterior region of the pVBI. **Present only in a very few cells in most anterior
region of the pVBI. Note: where necessary, tissue layer was determined by wax sectioning of embryos.
Lineage labeling in Xenopus has shown that cells in (Mead et al., 1998), which is expressed strongly during
this period (Figure 3C), and GATA-2 (Bertwistle et al.,the DLP migrate to the midline where they form the
dorsal aorta (Cleaver and Krieg, 1998). Using XFli-1 as 1996), which is expressed more weakly but showed the
same profile (data not shown). SCL expression in thea probe for endothelial cells (Meyer et al., 1995), this
process can be visualized (Figure 3A). From stage 27, DLP increases from stage 26 to a peak around stage
30 (Figure 3C), when migration of XFli-1 positive cellsXFli-1-expressing cells (red arrows) are increasingly
found between the DLP and the hypochord (asterisk), to the midline is falling off (Figure 3A). At none of the
stages examined (26–33) do we find SCL positive cellsan endoderm-derived midline structure that lies immedi-
ately ventral to the notochord (n). Eventually, the cells between the DLP and the midline or at the midline. Fur-
thermore, by stage 33, when the aorta and veins areform a tube (stage 34, red arrow). The cells remaining in
the DLP region continue to express XFli-1 and eventually almost completely formed, SCL expression has ceased.
GATA-2 expression gives a similar result (data notform the posterior cardinal veins (stage 34, black arrow).
A similar, albeit fainter, picture is evident using another shown). We therefore conclude that hematopoietic po-
tential is lost from the cells of the DLP, both in thoseendothelial gene, XHex (Newman et al., 1997) (data not
shown). Both markers also detect a population of cells that migrate medially to form the dorsal aorta and in
those that remain lateral to form the cardinal veins.apparently migrating down from the dorsal fin (Figure
3A, green arrow). The majority of the migration from
the DLP takes place between stages 27 and 31, which Hematopoietic Gene Expression Reappears in Cells
correlates reasonably well with when the hypochord Derived from the DLP Associated with the Floor
is expressing vascular endothelial cell growth factor of the Dorsal Aorta
(VEGF; Cleaver et al., 1997) (Figure 3B). This reflects the Studies in chick, mouse, and human embryos have de-
fact that the cells of the DLP express the VEGF receptor, tected cells expressing hematopoietic genes in close
Flk-1, which displays a similar expression profile to association with the floor of the dorsal aorta (Cormier
XFli-1 (Cleaver et al., 1997) (data not shown). Thus, a and Dieterlen-Lievre, 1988; Godin et al., 1993; Manaia
subset of the cells in the DLP expressing endothelial et al., 2000). In order to determine if the same thing
genes appear to migrate toward the VEGF-expressing occurs in Xenopus, we scanned developmental stages
hypochord where they form the dorsal aorta. The re- from stage 34 onward using various hematopoietic
maining cells form the cardinal veins. markers. Eventually, we found clusters of cells express-
In order to determine the hematopoietic potential of ing hematopoietic genes associated with the floor of
these populations of cells during vasculogenesis, we the aorta at stage 43 (Figure 4A, red arrows). Cells ex-
pressing GATA-2 (Figure 4A, a and b), SCL (c), and Xamlmonitored expression of blood markers. We used SCL
(L) b-gal staining is located in the endoderm and does not overlap SCL staining in the mesoderm of the DLP (red arrow) and VBI (black arrows
indicate dorsal limit of SCL staining in the VBI).
(M) Close up of embryo in (L).
(N) Typical C3 b-gal injected embryo.
(O) Sibling after in situ hybridization for SCL. Red arrow, SCL expression in the DLP; black arrow, SCL staining in the VBI. “P” and “Q” indicate
level at which sections depicted in (P) and (Q) were taken.
(P) Section showing SCL expression overlaps b-gal staining in the DLP (red arrow) but not in the VBI (black arrows indicate dorsal limits of
SCL expression in the VBI).
(Q) Magnification of section in (P). Note SCL staining overlaps b-gal on the injected side of the embryo and clear SCL signal in the DLP on
the opposite, uninjected side of the embryo.
(R) Sibling embryo probed for XFli-1 by in situ hybridization. Red arrow, XFli-1 expression in the DLP; black arrowhead, XFli-1 expression in
the vitteline veins. “S” is the position of the section depicted in (S).
(S) Section of embryo in (R) showing XFli-1 expression overlaps the b-gal staining in the DLP.
Insert: summary of the blastomeres of the 32-cell Xenopus embryo which contribute to blood compartments (colored blue).
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Figure 3. In Situ Hybridization Revealing Ex-
pression of XFli-1, VEGF, and SCL in the DLP-
Hypochord Region
(A) Time course from stage 26 to 34 showing
XFli-1 expression in the DLP-hypochord re-
gion. Numbers at the top right corner indicate
the stage of development. 30b shows a high
magnification view of the hypochord region.
Position of the notochord (n) and hypochord
(black asterisk) are indicated. Red arrows in-
dicate the position of the “migrating” XFli-1
positive cells. Green arrow in 30a points to
XFli-1-positive cells migrating from the dorsal
fin to the hypochord. Red arrow in 34 indi-
cates XFli-1 cells located in the forming dor-
sal aorta. Black arrow in 34 indicates the posi-
tion of the posterior cardinal vein.
(B) Time course from stage 26 to 32 showing
expression of VEGF in the hypochord. Num-
bers at the top right corner indicate stage of
development. Position of the notochord (n) is
indicated. Arrowhead indicates the hypo-
chord. Note that VEGF expression in the hy-
pochord decreases after stage 30, and that
by stage 32, VEGF expression is no longer
detected by in situ hybridization.
(C) Time course from stage 26 to stage 33
showing SCL expression in the DLP-hypo-
chord region. Numbers at the top right corner
indicate the stage of development. SCL ex-
pression in the DLP increases from stage 26
to stage 30 and then fades away with time.
By stage 33, SCL expression in the DLP can-
not be detected by in situ hybridization. Note
that no SCL-positive cells are detected be-
tween the DLP and the midline or in the sur-
roundings of the hypochord at any time, even
at stage 30 when the strongest expression of
SCL in the DLP is observed. Position of the
notochord (n) and hypochord (red asterisk)
are indicated. Black arrows indicate the posi-
tion of the posterior cardinal veins.
All sections in transverse orientation. Sec-
tions were taken at the same level of the A–P
axis. Dorsal is at the top in all cases.
(d) are found within and ventral to the aorta, which is ducts (black arrowheads) and the aorta (red arrow-
heads), the mesenchyme ventral to the aorta is indeedindicated with a red arrowhead. The pronephric ducts
express GATA-3 (e) and are indicated by the black ar- labeled (red arrows). When one takes into account that
the b-gal is located in the nuclei and confined to onerowheads. We therefore conclude that the expression
of hematopoietic genes reappears in cells associated side of the embryo, because only one of the two C3
blastomeres was injected, we can see that all the cellswith the ventral aspect of the dorsal aorta in Xenopus
in a manner consistent with other vertebrates. between the pronephric ducts and the aorta are positive.
We therefore conclude that all the cells expressing he-In order to determine where these hematopoietic cells
have come from, we examined embryos injected with matopoietic genes in and beneath the dorsal aorta de-
rive from the C3 blastomere, which gives rise to theb-gal RNA into the C3 blastomere (Figure 4B). These
embryos were labeled very clearly in the DLP at stage DLP and makes no contribution to the primitive blood
in the VBI.26 (Figures 2N–2S). Staining of whole embryos for b-gal
at stage 43 reveals that cells derived from C3 can still be
detected, with the pronephros (PN) and the pronephric
Discussionducts (PD) clearly labeled (Figure 4B, a). To determine
if cells associated with the ventral aspect of the aorta
were labeled with b-gal RNA, sections were taken The origins of the first adult hematopoietic stem cells
(HSCs) has remained controversial. Essentially, therethroughout the labeled area of the embryo. Figure 4B,
b and c, show clearly that, in addition to the pronephric are two models that are thought to be consistent with
Origins of Blood in Xenopus
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Figure 4. Localization of Hematopoietic Precursors in the Region of the Dorsal Aorta and Their Origins
(A) In situ hybridization on 10 mm sections reveals expression of GATA-2 (a and b), SCL (c), Xaml (d), and GATA-3 (e) in the region of the
dorsal aorta of stage 43 embryos. Notice that both GATA-2 and Xaml are expressed in clusters within the dorsal aorta, in the ventral wall of
the dorsal aorta, and in mesenchymal cells below the dorsal aorta. SCL is mainly expressed in the ventral wall of the dorsal aorta and in
clusters within the aorta. GATA-3 is expressed in the pronephric ducts only. GATA-2, SCL, and Xaml expression are not detected in circulating
blood cells at this stage of development (data not shown). All sections are transverse. Red arrows indicate expression in the ventral wall of
the dorsal aorta and in mesenchyme below the aorta. Red arrowheads indicate the endothelial lining of the dorsal aorta. Black arrowheads
indicate the pronephric ducts. n, notochord; sc, spinal cord; s, somites.
(B) Detection of b-galactosidase activity at stage 43 in C3 b-gal injected embryos. (a) location of b-galactosidase in a stage 43 embryo which
was injected with b-gal RNA in the C3 blastomere at the 32-cell stage. Note that b-gal is not detected in the heart, gills, and tail vessels (TV)
where circulating blood cells are easily detected, indicating that C3 does not contribute to the primitive blood. (b) Ten micrometer transverse
section of another C3 embryo at the A/P level of the single median dorsal aorta (just posterior to the glomus). (c) Same section magnified.
Red arrowheads indicate the endothelial lining of the dorsal aorta. Red arrows indicate b-gal positive mesenchymal cells located just ventral
to the dorsal aorta. Black arrowheads indicate pronephric ducts. b-gal positive cells are also located further anterior in the paired dorsal
aortae, pronephros, and the glomus (data not shown). n, notochord; s, somites; sc, spinal cord; PD, pronephric ducts; PN pronephros; TV,
tail vessels.
existing data (Medvinsky and Dzierzak, 1996; Yoder et individual blastomeres at the 32-cell stage shows quite
clearly that the P-Sp/AGM equivalent compartment (theal., 1997; Kennedy et al., 1997). The first model states
that all blood arises in the yolk sac. Differentiation into DLP in Xenopus) derives from a blastomere distinct from
those giving rise to the yolk sac equivalent compartmentadult versus embryonic blood is determined by subse-
quent microenvironments following migration. The alter- (the VBI). Thus, at this extremely early stage of develop-
ment, the precursors to adult and embryonic blood arenative model states that the adult blood arises indepen-
dently of the embryonic blood. Adult blood precursors separate. The 32-cell fate maps of Dale and Slack, and
Moody, gave little detailed information on the derivationarise from the para-aortic splanchnopleural mesoderm,
which also gives rise to the aorta, gonads, and meso- of blood since blood was treated as part of a wider
category “lateral plate” (Dale and Slack, 1987; Moody,nephros, while embryonic blood arises in the yolk sac.
The resolution of this issue is essential if the program- 1987). Thus, no distinction was made between the two
blood compartments and “lateral plate” encompassedming of adult HSCs is to be fully understood. In particu-
lar, the embryonic signaling regimes experienced by both VBI and DLP. However, taking into account the
nonhematopoietic tissues scored in Table 1, our fatethese cells will differ depending on which model is
correct. map agrees broadly with theirs. There are however, dis-
agreements with the fate map of Lane and Smith, mostTo resolve this question we have made use of the size,
external development, and regular cleavage patterns importantly for the conclusions from our work, over the
fate of blastomere C3 (Lane and Smith, 1999). In theirof the early Xenopus embryo. Our lineage labeling of
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experiments, C3 gives rise to circulating cells at stage translocation associated with acute myeloid leukaemia,
hence its original name (Miyoshi et al., 1991). In mam-41, which are known to derive from the VBI, while in our
experiments, C3 gives rise to the DLP and not the VBI. mals, this gene has a strong association with the adult
hematopoietic lineage. Thus, the null mutant in miceThe explanation lies in the differing cleavage patterns
of the embryos injected. Lane and Smith never saw reveals an absolute requirement for this gene in defini-
tive hematopoiesis, but not in primitive hematopoiesisregularly cleaving embryos and chose to use embryos
with large D2 and D3 blastomeres instead. In these irreg- (Okuda et al., 1996; Wang et al., 1996a, 1996b). Expres-
sion in adult blood is observed at the level of hematopoi-ularly cleaving embryos, blastomeres C3 and D3 occupy
territory normally occupied by D4 in regularly cleaving etic clusters and an important role there is indicated by
their absence in the knockout mouse (North et al., 1999).embryos and therefore label the circulating embryonic
blood, which we have confirmed (data not shown). In In apparent contrast, the Xenopus homolog of AML-1,
Xaml, is expressed in the VBI and not in the DLP (Traceycontrast, in our regularly cleaving embryos, the C3 and
D3 blastomeres gave rise to circulating cells at stage et al., 1998) (data not shown). However, by looking later
in development and at sections, we were able to detect41 in only 2/17 embryos (data not shown). The results
we present in this paper clearly show that the determi- strong Xaml expression in the mesenchyme associated
with the floor of the dorsal aorta. Thus, the associationnants for the adult and embryonic blood lineages are
physically separate in the embryo. In regularly cleaving of AML-1 with the adult lineage extends to amphibia
and our data indicate that its expression is coincidentembryos, they are confined to distinct blastomeres by
the 32-cell stage, whereas in more irregularly cleaving with the reemergence of hematopoietic potential in this
lineage. AML-1 expression has also been detected inembryos this may require one or two more cell cycles.
Finally, in contrast to all other extant fate maps, the the yolk sac in mice and, although loss of AML-1 function
does not affect the initial wave of haematopoiesis fromfate map of Mills et al. states that all 32 blastomeres
contribute to the VBI (Mills et al., 1999). However, in the yolk sac, it does prevent the later appearance of
hematopoietic cells closely associated with the yolk sacmany cases, including the C3 blastomere that contrib-
utes to the DLP, the contribution was small, variable, or endothelium (North et al., 1999). Thus, taken together
with these data, our observations of the timing of AML-1not accompanied by data for nonhematopoietic tissues
to allow confirmation of correct targeting. For the blasto- expression around the aorta could be seen to support
the idea (North et al., 1999) that AML-1 facilitates themeres we examined, we found no contribution to the VBI
from blastomeres C3 or D3. We conclude that embryonic epithelial to mesenchyme transition that gives rise to
hematopoietic cells from the vasculature.and adult blood do indeed derive from different regions
of the embryo. Our lineage tracing data confirm the picture which
has begun to emerge from other studies that the VBIThe presence of hematopoietic precursors in the DLP
has been demonstrated by transplantation analysis, has both dorsal and ventral contributions. This was first
indicated, albeit weakly, in the fate mapping experi-which shows that the contribution to lymphopoiesis and
erythropoiesis begins during late larval stages and in- ments of Dale and Slack (1987). However, the small
contribution seen in their experiments led to it beingcreases into adult life (Tompkins et al., 1980; Volpe et
al., 1981; Kau and Turpen, 1983; Flajnik et al., 1984; largely ignored. More recently, the idea was resurrected
by Tracey et al. who were studying expression and func-Maeno et al., 1985a, 1985b). In our experiments, correla-
tion of the lineage labeled cells and the hematopoietic tion of Xaml (Tracey et al., 1998). They showed that this
gene is expressed in the VBI and that the anterior, early-precursors in the DLP depended on colocalization of
expression of a range of hematopoietic genes (Figure 2 expressing cells are derived from a dorsal contribution
while the posterior, late-expressing cells are derivedand data not shown). In order to follow the fate of the
hematopoietic precursors in the DLP, we monitored lin- from a ventral contribution. Lineage labeling experi-
ments by Lane and Smith agreed with this (Lane andeage labeled embryos at increasingly later stages of
development. We were able to observe the known mi- Smith, 1999). Our data show quite clearly that the ante-
rior and posterior VBI derive from distinct blastomeres.gration of cells to the midline to form the dorsal aorta
and saw mesenchymal clusters of cells associated with Overall, we have shown that the DLP compartment is
distinct from the VBI compartment throughout develop-the ventral aspect of the aorta. By the end of the migra-
tion phase, hematopoietic gene expression had been ment. We have detected no significant migration be-
tween the two compartments in either direction (Bert-silenced but endothelial gene expression continued. He-
matopoietic gene expression returned 1 day after the wistle et al., 1996; this study). This physical separation of
the cells of the two compartments during developmentaorta had formed. In chick embryos, using a lineage
tracer that is taken up by endothelial cells, Jaffredo et suggests that the two cell populations will experience
distinct embryonic signaling regimes during their gene-al. showed that mesenchymal cells associated with the
floor of the dorsal aorta were lineage labeled (Jaffredo sis. Consistent with this expectation, we have found
that the dependence of the VBI and the DLP on BMPet al., 1998). One interpretation of these data is that aorta
associated hematopoietic cells derive from a subset of signaling differ, at least in their timing (A. C.-U., M. W.,
and R. P., unpublished data). Thus, if BMP signaling isthe endothelial cells of the aorta, however, the labeling
of macrophages as well as endothelial cells in these inhibited during gastrulation, the VBI fails to form but
the DLP, as detected by hematopoietic and endothelialexperiments leaves alternative interpretations open. Our
data show that the aortic clusters derive from the C3 gene expression, is unaffected. The cells of the DLP
subsequently become exposed to midline signals ema-blastomere which populates the DLP and subsequently
the aorta. Confirmation that the clusters emerge from nating from structures such as the notochord and the
hypochord which are unlikely to influence the VBI. Pre-the aortic endothelium will require detailed single cell
labeling studies. dicting later signaling influences on these cells will
require a knowledge of the destinations of the aorticThe hematopoietic gene, AML-1 (recently renamed
Runx-1), was first identified at the site of a chromosomal clusters and their migration pathways. Together with
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15 min in a proteinase K solution (12.5 mg/ml in PBS-Tween). Protein-a knowledge of gene expression profiles as the cells
ase K activity was stopped by washing twice in glycine (2 mg/ml inmigrate, this information will permit a more detailed mo-
PBS-Tween) and sections were refixed at room temperature forlecular understanding of the ontogeny and programming
25–30 min in 4% paraformaldehyde, 0.2% glutaraldehyde in PBS.of hematopoietic stem cells.
After fixation, sections were washed twice in PBS-Tween and then
incubated for 2 hr at 708C in hybridization mix (50% formamide, 5 3
Experimental Procedures
SSC [pH 4.5], 50 mg/ml torula RNA, 1% SDS, and 50 mg/ml heparin).
Hybridization mix was replaced with hybridization mix containing
Embryos and RNA Microinjection
probe and incubated at 708C overnight. After hybridization, sections
Xenopus embryos were obtained and cultured as described (Walm-
were washed twice for 30 min at 708C in solution I (50% formamide,
sley et al., 1994), and staged according to Nieuwkoop and Faber
5 3 SSC [pH 4.5], and 1% SDS) and twice for 30 min at 658C in
(1967). In vitro transcribed RNA was prepared using a Megascript
solution II (50% formamide, 2 3 SSC [pH 4.5]). Sections were
kit (Ambion) except that capped GTP was used at 5 mM. In vitro
washed three times at room temperature in MAB (100 mM maleic
synthesized RNA was precipitated with isopropanol, washed with
acid, 150 mM NaCl, pH adjusted to 7.5 with NaOH) and then blocked
70% ethanol taken up in 400 ml RNase-free water, placed in an
for 2 hr at room temperature with 2% blocking reagent (Boehringer)
Amicon Microcon centrifugal filter device (Millipore), and centrifuged
in MAB. Sections were incubated for 2 hr at room temperature with
for 10 min at 48C and 2000 rpm in a microfuge. After two washes
2% blocking reagent in MAB containing a 1:2000 dilution of anti-DIG
with 400 ml water using the same centrifugal conditions, RNA was
antibody or anti-fluorescein antibody. The sections were washed 4
concentrated to z200 ml by spinning for 2 min at a time and checking
times for 15 min at room temperature in MAB-Tween (0.1% Tween),
the remaining volume. Concentration and integrity of the RNA was
washed three times for 5 min in AP buffer (0.1 M Tris-HCl [pH 9.0],
checked by OD260 and agarose gel analysis. Two hundred to five 50 mM MgCl2, 0.1 M NaCl, and 0.1% Tween). Color was developedhundred picograms of RNA was injected in to VMZ and DMZ regions
by incubating in BM purple (4:1 in AP buffer containing 10% PVA).
in a volume of 4 nl at the 4-cell stage or in to single blastomeres of
After staining, sections were washed extensively in PBS-Tween in
32-cell stage embryos in a volume of 0.5 nl. For single blastomere
order to remove PVA and then mounted in 80% glycerol.
injections, regularly cleaving embryos were selected as described
by Dale and Slack (1987) and the nomenclature for each blastomere
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